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ABSTRACT 
Characterization of the elemental and PAHs compositions of urban air was undertaken at three major sites in 
Brisbane, Australia. 17 elements and 16 US EPA priority PAHs were quantified at the sites. The most commonly 
detected elements in the TSP and PM2.5 fractions were Al, Cd, Co, Cr, Cu, Fe, Mn, Mo, Si, Sn, Sr and Zn. Compared 
to the two other sites, PM2.5 was found to contain higher concentrations of Zr, Mo, V, Al, Mn and Sr at the QUT site. 
In contrast, the Woolloongabba sampling site, which was highly influenced by the vehicular emission and local 
industrial activities, has higher concentrations of Co, Sn, Cu, Zn and Mg while ANZ site has significantly lower 
concentration levels of most elements than the other sites; possibly due to the shielding effect of the nearby bush and 
forest. NAP, PHE, ANT, FLT, PYR and CRY were the most widespread PAHs found in all sites. But only QUT and 
Woolloongabba bus platform sites had detectable levels of the most carcinogenic US EPA PAH, BAP. The multi-
criteria decision making procedures, PROMETHEE and GAIA were used to rank the air samples and to identify the 
sources of the pollutants. Thus Woolloongabba bus platform was ranked as the most polluted site on the basis of the 
elemental and PAH compositions of its air samples while Woolloongabba bus platform and QUT sites were ranked as 
the worst polluted sites in terms of PAHs and PM2.5 elemental contents respectively.  









There is a dramatic increase in the use of automobiles for the transportation of passengers and industrial products 
throughout Australia. The increase is particularly noticeable along the coastlines where the majority of the population 
and man-made activities concentrate. For example, although Brisbane had a small population growth of 1.7 % from 
1996 to 2001, increase in its registration of new motor vehicles in the same period was as high as 8.0 % (ABS, 2002).  
Because motor vehicle emissions contain substances with potentially harmful effects, there is a corresponding 
upsurge of interest in the quality of urban air and its associated health issues in the region.  
Of the possible pollutants linked with automobile emissions, airborne particles from diesel and gasoline vehicles 
have received the most attention in the past decade (Marr et al., 1999; Schauer et al.; 2002a and 2002b; Abu-Allaban 
et al., 2003). This is probably due to the direct association between particles and health effects. In particular, fine 
particles with sizes less than 2.5 µm (PM2.5) have been targeted because of their potential health effects and their 
ability to be transported over long distances (Wilson, 1996). Due to their large surface areas such particles are also 
capable of carrying many chemical constituents.  
Previous investigations of the compositions of urban air in Brisbane by Muller et al. (1998) showed that 
polycyclic aromatic hydrocarbons (PAHs) contributed substantially to atmospheric pollution in the vicinity of major 
roads. In addition, Verrall et al. (1986), Chan et al. (1997) and Thomas and Morawska (2002) conducted independent 
investigations of the elemental composition of aerosols in Brisbane. Thomas and Morawska (2002) concentrated their 
elemental composition studies on submicrometre particles, PM2.5 and PM10 while Chan et al. (1997) examined PM2.5 
and PM10 in one study, and aerosols with aerodynamic diameters less than and greater than 1.3 μm in another study 
(Chan et al., 2000). It was evident from these studies that (i) crustal matter, industrial dust, marine aerosol and 
vehicular emissions were the main contributors of the elemental constituent of ambient air in Brisbane and (ii) 
chemical compositions of size-classified aerosols differed markedly. Thus, Thomas and Morawska (2002) showed 
that anthropogenic elements were associated with the PM2.5 fraction while naturally occurring elements like Na and 
Cl were associated with the PM10.  
To date, no simultaneous investigation of the PAHs and elemental compositions of urban air in Brisbane have 
been undertaken. This study was therefore conducted to provide simultaneous information on the organic and 
inorganic compositions in PM2.5 fraction and the Total Suspended Particle (TSP) of urban air in the selected areas of 
Brisbane. In addition, airborne pollutants like PAHs and trace elements have the potential to cause adverse health 
effects. For example, some PAHs are mutagenic or carcinogenic, Cd is suspected to interfere with the development of 
reproductive systems and Mn is the precursor for onset of neurological disorders at the elevated exposure. Other 
elements like Ni, cause allergic reactions while Pb is toxic, particularly to infants. Since inhalation is a major pathway 
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of exposure to airborne chemical substances, information obtained on the chemical composition of the urban air 
samples will assist the assessment of possible human health risks. 
Chemical mass balance, multivariate analysis, enrichment factor analysis and reconstructions of major 
components from observed elemental composition have been used for source apportionments of urban air pollutants 
(Chan et al., 1997). In this study, the multi-criteria decision making (MCDM) methods, PROMETHEE (Preference 
Ranking Organisation Method for Enrichment Evaluation) and GAIA (Geometrical Analysis for Interactive Aid), 
which have not been previously employed to investigate ambient air quality are used to rank air quality, and to 
characterize and identify the sources of the pollutants. The information so derived is important for the development of 
air quality models and formulation of air pollution control strategies in the area. 
 
EXPERIMENTAL METHODS 
Sample collection was performed at three sites during the temperate months of June and July 2002. The ambient 
temperature in Brisbane at that time ranged between 15 to 28oC during the day and fell to 8oC at night. 
Sampling sites 
The three sampling sites chosen (Woolloongabba suburb, Queensland University of Technology (QUT) M block and 
ANZ Stadium (Figure 1)) were less than 12 km apart. Woolloongabba suburb and Queensland University of 
Technology (QUT) sampling sites were located close to the inner city and ANZ stadium was located in the outer 
southern part of the city.  
Woolloongabba Urban Area: The Woolloongabba urban area has a very busy flow of traffic and a range of business 
activities like panel beating, processing cement, car paint spraying and other local commercial centres. It has a 
freeway, which serves as a gateway to the southern and northern parts of the city. In addition, several busy urban 
roads lie perpendicular to the freeway and these connect Woolloongabba to the eastern and Southwestern suburbs. 
Two sampling points were chosen in the area as follows:  
First sampling point (Woolloongabba bus platform or BPW):  This area was constructed as a part of the South East 
Queensland Busway Network to improve Brisbane public transport services between the eastern and southeastern 
suburbs. The platform is located at about 7 – 10 metres below the street level. It was constructed like a street canyon 
with walls on each sides of the street. The sampling point, which was positioned at 2 metres from the kerb of the 
platform, experienced random wind direction and this was attributed to the effect of the busy traffic and the street 
canyon design of the platform. During morning and evening peak hours, about ninety percent of the total inbound 
buses (N = 452 buses) and eighty eight percent of the total outbound buses (N = 440 buses) ran on diesel while the 
remaining buses ran on compressed natural gas. In between these peak hours, the number of inbound and outbound 
buses was reduced to about 240 buses.   
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Second sampling point (Woolloongabba Concourse Area or CAW): The second sampling point was located on the 
street level, opposite the main road and 15 metres away from those buses stopping at the bus platform.  
ANZ stadium: ANZ stadium is located near a busy intersection between Kessel Road and Main Road and it is about 1 
km from a thick sub-tropical Toohey Forest Park covering an area of 175 hectares. The sampling point was positioned 
on a lawn that is adjacent to a dusty granite road path and the stadium. Up to 2000 vehicles per hour travel between 
6:30 am and 5:30 pm every day through the intersection. Outside these hours, less than 500 vehicles per hour were 
recorded. Vehicles passing through the site between 0:00 and 23:00 on a typical weekday consisted of 88.7% light 
vehicles, 3.5% small trucks, 3.9% medium trucks, 3% large trucks and 0.8% unclassified.  
QUT M Block: The QUT site is located on level 6 of M block at the QUT Garden Points campus, Brisbane City. This 
building faces the Southeast Freeway and is about 210 m from the freeway. It had been shown earlier, that because 
the sampling site is close to Brisbane Central Business district (CBD), urban influenced aerosols rather than 
atmospheric or meteorological conditions are the most significant contributors to air characteristics at the site 
(Morawska et al., 1999). The sampling site is exposed to a mix of traffic emissions since vehicles passing through 
inner Brisbane area make approximately 9 million trips on a weekday. 
Sampling protocol 
Sampling was conducted for six consecutive days at Woolloongabba sites, four days at ANZ site and five days at 
QUT site. Sampling at the Woolloongabba sampling points was conducted during morning and evening peak hours 
for approximately two hours. The sampler was positioned on a portable trolley at a height of 0.8 metres from a 
concrete floor. Sampling at ANZ stadium, on the other hand, was carried out at approximately 20 m from the 
intersection of Kessel and Main Roads. The sampler was mounted at 1.8 m high on a sampling chamber. At the QUT 
M Block site, the sampler was positioned on the topmost floor (6th) of the building. Sampling at the QUT and ANZ 
sites were carried out for 24 hours a day. 
Sampling was conducted using samplers that were operated at flow rates of 0.005 m3min-1 and 0.02 m3min-1 in 
order to collect TSP and PM2.5 samples respectively. A Dekati cascade impactor was used to collect PM2.5 for 
elemental analysis while the TSP samples for elemental analysis were trapped onto 47 mm diameter Teflon filter 
membranes with 0.2 μm nominal pore-size supplied by Pall Corporation. Samples for PAHs analyses were collected 
with a cleaned fibre glass filter housed in a polycarbonate filter holder and connected in series to a glass cartridge 
containing cleaned XAD-2. The former collected PAHs in the particulate phase while the latter collected gas phase 







All samples were extracted three times with 3:1 (dichloromethane (DCM) to hexane) and 7:3 (DCM to acetone) in an 
ultrasonic bath. Each round of extraction proceeded for thirty minutes and was carried out within 2 weeks of the 
sampling. Following the extraction, the extracts were cleaned using a column packed with silica mesh no. 60, topped 
with 1 cm of anhydrous sodium sulfate and eluted with DCM. This gave a clear sample that is free of sampling 
artifact and solid debris. Using a rotary evaporator, the volume of the solvent was reduced to about 5 mL and further 
reduced to approximately 0.5 mL by a gentle flow of ultra pure nitrogen gas before it was made up to 1 mL with 
DCM. Field blank samples were extracted in the same manner. 0.5 ng of Semi-volatile Internal standard supplied by 
Supelco and containing D8-naphthalene, D10-acenaphthene, D14-phenanthrene, D12-chrysene and D12-perylene was 
added to all extracts prior to chromatographic analysis.  
PAH analysis was performed on a Thermo Finnigan Gas Chromatography Mass Spectrometry (GC/MS) with an 
autosampler and fitted with a Restek-5MS column (30.0m x 0.32mm x 0.25μm).  The injector was at 270oC and the 
interface temperature was set at 320oC. The oven was held at 70oC for 4 minutes and the temperature was raised to 
320oC at the rate of 10oCmin-1. The quoted concentration value for each analyte was obtained after subtraction of the 
field blank value and taking the flow rates and sampling times into account.  
Elemental analysis 
Each filter was digested in Teflon vessels using a modification of the nitric acid method described by Thomas and 
Morawska (2002). Digestion was carried out in a CEM microwave oven (Matthews, NC, USA) at 75 psi and 60% of 
650 W power for 30 min, followed by 100% power for 15 min. To ensure complete dissolution of the elements in the 
sample matrix, further digestion was carried out for 30 min at 60% and 20 psi. After digestion, the solution was 
diluted to 25 mL in a standard flask and stored in a polyethylene plastic vial. The elemental analysis was performed 
on a Thermal Inductively Coupled Plasma Atomic Emission Spectroscopic (ICPAES) using argon at a pressure of 35 
Psi. as the carrier-, coolant- and plasma-gas. EM Science multi-element standard was used to prepare the calibration 
curves and the monochromator was calibrated with ICP profile solution containing 10 ppm of sulfur, copper and 
potassium to give about 8400 steps. The same instrumental calibration was carried out for the polychromator to give 
about 10070 steps for sulfur and 5630 steps for copper. Blank values were subtracted from the sample values and 
divided by sampling time and flow rates to yield the final mass concentration values in μgm-3.  
Quality assurance measures 
All organic solvents used were of analytical reagent grade and were used as supplied by Sigma-Aldrich. Prior to the 
sampling, glass filters and bulk amberlite XAD-2 were conditioned and cleaned to eliminate any contamination. Fresh 
Grade GF/A Gelman TCLP glass filters were extracted three times in dichloromethane by ultra-sonication and heated 
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in a muffle furnace at 250oC to eliminate traces of organic compounds. Clean glass filters were wrapped in aluminum 
foils that have been rinsed with hexane and sealed in a plastic bag for cold storage until required. Bulk amberlite 
XAD-2 and glass wool were cleaned in the same way as the glass filters. Solvent-cleaned XAD-2 was dried in a long 
21 cm long x 3.5 cm ID glass tube supported by frit mesh by passing high purity nitrogen gas through it at about 65oC 
overnight while clean glass wool was dried in an oven at 120oC. Each cartridge and clean glass filter was stored in a 
sealed bag at -15oC until required. One blank was chosen from each batch of solvent-cleaned filters and XAD-2 tubes 
for the determination of blank PAH values.  
As part of the quality assurance procedures, eight-point calibrations was carried out for each PAH and correlation 
coefficient was generally greater than 0.99. Continuing calibration with standards containing the target compounds 
and internal standards were also performed to ensure that the instruments continue to meet acceptable sensitivity and 
linearity criteria ie that the relative response factor of each analyte is within 30 percent of the mean values established 
during the initial calibration and the retention time of the internal standard did not change by more than 30 seconds 
from the most recent calibration check. Spiking of the samples collected into glass filters and XAD-2 with 
anthracene-d10 gave excellent recoveries (95.4 ± 15.5)%. Quantification of the analytes was undertaken by an 
external calibration of sixteen EPA priority QTM PAH mix, which contained naphthalene (NAP), acenaphthylene 
(ACY), 2-bromo naphthalene (2-BNAP), acenaphthene (ACE), fluorene (FLU), phenanthrene (PHE), anthracene 
(ANT), benzo(a)anthracene (BAA), chrysene (CHR), pyrene (PYR), benzo(a)pyrene (BAP), fluoranthene (FLT), 
dibenzo(a,h)anthracene (DBA), benzo(b)fluoranthene (BBF), indeno(1,2,3-cd)pyrene (IND) and benzo(g,h,i)perylene 
(BGP). Analyses were referenced to the perdeuterated PAHs internal standards (D8-naphthalene, D10-acenaphthene, 
D14-phenanthrene, D12-chrysene and D12-perylene). The detection limits of the PAHs were 7 – 41 ng per sample.  
To validate the digestion method, NIST Urban Particulate Matter Standard Reference Material (SRM) 1648 was 
digested after overnight drying at 120oC and analyzed together with the samples as shown in Table 1. Apart from Cr, 
the percentage recoveries for the other elements were generally good and correlation coefficients close to unity were 
observed for the calibration curves of all the elements. The low percentage recovery observed for Cr is similar to that 
observed by Wang et al. (1996), which was attributed to the volatile nature of this element. Table 1 shows the 
percentage recoveries and detection limits for the elements along with the detection wavelengths on the ICPAES. 
(The minimum detection limits (which ranged from 3 to 186 ng per sample) were taken to be three times the standard 
deviations of the blank samples.) 
 
MULTIVARIATE DATA ANALYSIS 
Part of the aims of this study was to rank the sites and identify the sources of the inorganic and organic constituents of 
the air samples from the sites. To achieve these, the multi-criteria decision-making procedures, PROMETHEE 
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coupled with GAIA, were applied to the PAHs and elemental analysis data obtained in the study. Detailed 
mathematical treatment and application tutorials of PROMETHEE and GAIA procedures have been discussed (Kokot 
et al., 1992; Espinasse et al., 1997; Ayoko et al., 2003; Ayoko et al., 2004). Primarily, PROMETHEE facilitates the 
ranking or ordering of objects (in this work, air samples) according to the preference and pre-selected weighting 
conditions applied to the variables (concentrations of elements or PAHs). Three steps are involved in the application 
of PROMETHEE procedure. Firstly, one of the six preference functions provided by PROMETHEE is selected to 
describe how much an object is preferred to another. For instance, the preference function P (A,B) describes how 
object A is preferred over object B while P (B,A) describes the preference of B over A. Once the preference function 
has been selected, variables in all objects are compared pairwise in all possible combinations and this results in a 
difference, d, for each comparison. It is also necessary to specify whether higher or lower variable values are 
preferred by choosing to ‘minimise’ or  to ‘maximise’ each variable. In this work, each element or PAH was 
considered as a variable and its concentration “minimised” since lower values indicate a less polluted ambient air.  
Secondly, the positive, φ + and negative outranking flows, φ - were computed. φ + expresses how each object 
outranks all others while φ - indicates how each object is outranked by all the other objects. The sum of preference 
values for each object gives a ‘global preference index’ or ‘decision axis’, π, which indicates the preference of one 
object over another. By applying the set of rules described previously (Espinasse et al., 1997; Ayoko et al., 2004), a 
partial ranking order was obtained by PROMETHEE I. This order highlights one of the following outcomes: (a) some 
objects are preferred to others, (b) there is no difference between some objects, or (c) some objects cannot be 
compared. The result of PROMETHEE I partial ranking can be presented in the form of a flow chart in which, 
comparable objects are joined by arrows, incomparable objects are unconnected by arrows and comparable objects to 
the left of any object are preferred to that object. Thirdly, a complete ranking order is established by calculating the 
net outranking flow, φ = φ+ - φ-. This last step, which is also known as PROMETHEE II, eliminates the 
incomparability of objects but produces a less informative outcome than PROMETHEE I.  
GAIA, on the other hand, is a special form of Principal Component Analysis (PCA), which evaluates and 
displays PROMETHEE results visually. GAIA, reduces a large number of variables into two principal components 
(PC1 and PC2) that are orthogonal to each other. A typical GAIA biplot shows visually how objects relate to one 
another and to the variables as well as how variables relate to each other. In addition, it displays the decision axis, π, 
which guides the selection of the most preferred objects. The GAIA results obtained in this work were interpreted 
according to the guidelines described by Espinasse et  al. (1997) and summarized as follows: (i) the longer a projected 
vector for a variable, the more variance it contains, (ii) independent variables have almost orthogonal vectors, (iii) 
variable vectors oriented in the same direction are correlated while those oriented in opposite directions are 
conflicting (iv) objects projected in the direction of a particular variable are strongly related to that variable (v) 
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dissimilar objects have significantly different PC coordinates while similar objects appear as clusters and (vi) if the 
decision vector, π, is long, the best objects are those found in that direction and vice versa.  
The main advantages of using PROMETHEE and GAIA in the present study include the facts that they provide 
ranking information based on the quality of air at the sampling sites and that GAIA biplots display the decision axis, 
π, which reinforces the quality of the decision making process. In addition, they are available in the form of user-
friendly commercial software and being a non-parametric method, PROMETHEE is applicable to data matrices 
containing a few objects (Ni et al., 2004; Ayoko et al., 2004). 
 
RESULTS AND DISCUSSION 
The results and discussion are divided into three sections. The first section focuses on the elemental contents of the 
TSP and PM2.5 fractions of the air sampled at the sites, the second discusses the levels of PAHs at the sites and the 
third describes the combined elemental and PAH compositions of the air sampled. Multivariate data analyses for the 
elemental and PAHs contents are discussed at the end of each section. 
Elemental composition analysis 
Elemental profiles in the TSP and PM2.5 fractions and source identification 
The concentrations of the elements monitored in the TSP and PM2.5 are presented in Table 2. The most common 
elements detected in TSP and PM2.5 for these sites were Al, Cd, Co, Cr, Cu, Fe, Mn, Mo, Si, Sn, Sr and Zn. Generally, 
the elemental concentrations of PM2.5 are lower than those in TSP. However, majority of the elements have similar 
variation patterns in TSP and PM2.5.  Such variation patterns were also observed in other investigations regardless of 
whether they involved short or long-term samplings (Wang et al., 2001; Thomas and Morawska, 2002; Bilos et al., 
2001). 
Most of the aforementioned elements usually originate from anthropogenic activities. For example, Zr and Mo 
originate from engine components (Moldovan et al., 1999; Weckwerth, 2001), Zn, Cu and Mg from emissions of 
lubricants and fuels (Fukui et al., 2001; Weckwerth, 2001), Co from the industrial sources (Wang et al., 2001) while 
Al, Fe, Si, Mn and Sr originate from geological sources and construction dusts (Lorranger, 1996; Cadle et al., 1999; 
Brewer and Belzer, 2001; Negi et al., 2002). In this study, these elements are present in higher concentrations in the 
TSP fraction at the Woolloongabba sites than at the other sites. This is attributed to the significant contributions of 
road traffic and industrial activities to the atmospheric concentrations of these elements. Apart from the buses that 
pass by the sites, a car panel workshop is located about half a kilometer away from the sites and a coal-fired cement 
industry (Chan et al., 1997), which generates a high level of airborne particles, is in the vicinity of the sites. Whittaker 
et al. (2003) indicated that a range of inorganic chemicals like cadmium pigments, chromium oxide, iron oxide, 
manganese pigments, hydrated alumina, magnesium oxides and zinc sulfide are used as pigmentation agents and 
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colour enhancers in paints. Therefore, the transport of particles from the panel workshop and the coal-fired cement 
industry might be expected to affect the elemental compositions of the air at the sites. Interestingly, the concentrations 
of all the elements in TSP and PM2.5 fractions at CAW were higher than those at the BPW, possibly due to higher 
influence of vehicular emission at the street level and the particulate matter from the industrial activities. 
The elemental compositions of the PM2.5 particles at the QUT site were higher than those obtained by Thomas and 
Morawska (2002) at the same site. This is attributable to the effects of increase in anthropogenic activities, including 
motor transportation. However, the Pb concentration level obtained in the present study is comparatively lower than 
that reported by Thomas and Morawska (2002) while the concentrations of Cu and Zn remain relatively similar. The 
lower Pb levels obtained in the current work reflect the gradual phasing out of vehicles using leaded petrol, and the 
complete phasing out of leaded fuel in Queensland in 2001. On the other hand, comparatively higher levels of Si were 
observed at the QUT site in the present investigation than those reported by Thomas and Morawska (2002). This 
could be due to crustal matter in the re-suspended soil particles from a nearby construction work, which was 
undertaken during the sampling period and road dusts from the freeway. Interestingly, Si was below detection limit at 
the Woolloongabba sites, ostensibly because the amount of re-suspended soil particles coming from the concrete 
pavements that surrounded these sites was comparatively low.  
Several investigations had shown that Cu and Zn originate from the anthropogenic sources, which range from 
automobile components to industrial activities (Weckwerth, 2001; Cadle et al, 1999; Loranger et al., 1996). For 
example, analysis of the results of Cadle et al. (1999) suggests that Cu/Zn ratios of 0.21 ± 0.15 and 0.01 ± 0.00 are 
characteristics of gasoline and diesel powered vehicles respectively. Comparison of the Cu/Zn ratios in the sites 
studied (Table 3) with those obtained from Cadle et al’s results were therefore undertaken in order to identify the 
sources of these elements. The ratios of 0.48 ± 0.34 and 0.16 ± 0.09 obtained in the PM2.5 fractions at the ANZ and 
QUT sites respectively suggests that Cu and Zn are likely to come from the vehicular emissions. Similarly, the Cu/Zn 
ratios in the range 0.04 to 0.51, obtained for TSP fractions, suggest that Cu and Zn originate from vehicular sources in 
these sites. However, the high Cu/Zn ratios (0.76 – 1.61) obtained at the Woolloongabba sites implicate industrial 
activities around Woolloongabba area as the main sources of these elements. In this regard, it is noteworthy that an 
average Cu/Zn ratio of 0.98 was observed for industrialized areas in Romania (Popescu et al., 1999). 
Source identification based solely on the comparison of the ratios of the concentrations of elements is subject to 
considerable uncertainty since some elements have more than one source. Therefore, multivariate data analysis was 
conducted to rank the levels of pollution at the sites in order to elucidate patterns in the distribution of objects and 
variables and to identify the sources of the elements.  
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Multivariate data analysis of the elemental compositions in the PM2.5 fraction 
Because of the health effects posed by PM2.5, multivariate data analysis of the elemental composition of this fraction 
was performed. A data matrix consisting of 12 objects (samples) and 17 variables gave the biplot presented as Figure 
2. 61% of the total variance was explained by both PC1 and PC2. The scores plot showed that the four sites were 
separated into three clusters, one of which consisted of the objects for BPW and CAW and the other two contained 
the objects for QUT and ANZ sites. This suggests that the objects were discriminated on the basis of the sampling 
sites. The Woolloongabba and ANZ objects had positive PC1 scores while the QUT objects had negative PC1 scores. 
The decision axis, π, pointed towards the ANZ and Woolloongabba sites showing that they are less polluted than 
QUT site on the basis of the number and the concentrations of the elements found at this site. In keeping with this, 
PROMETHEE II complete ranking of the air samples for BPW, CAW, ANZ and QUT sites indicates that QUT was 
the worst polluted site. 
The long vectors for Zr, Mo, V, Al, Mn and Sr are oriented in the same direction (suggesting that they are from 
similar sources) and opposite the QUT objects, indicating they are mostly associated with the QUT site. Geological 
sources and construction dusts are the most reasonable sources of Mn and Sr at this site whereas Zr, Mo, V and Al 
most likely originate from the engine components and combustion fuels. It is noteworthy that at the time of sampling, 
a building construction work was being at QUT Gardens Point campus and the QUT sampling site was only about 
210 metre from a busy Freeway. 
On the other hand, the vectors for Co, Sn, Cu, Zn and Mg were oriented opposite the Woolloongabba objects, 
suggesting that these elements were more in these sampling sites than at the other sites. Plausible sources of these 
elements at these sites are vehicular emission and local industrial activities. Several authors (e.g Weckwerth, 2001 
and Cadle et al, 1999) have shown that Cu, Zn and Mg originate from the emissions of lubricating oil, engine wear, 
fuel components, brake lining, tyre dust, and rust particles of vehicles. The fact that the vectors for these elements are 
oriented in the same direction with very small angles between them suggests that they are from a common source, 
which is likely to be vehicular emission and vehicle components. Other elements like Sn and Co, whose vectors are 
oriented in a different direction from those of Cu, Zn and Mg probably, originate from local industrial activities.  
The substantial concentrations of Si and Fe found in the PM2.5 fraction at ANZ site was probably of geological 
origin. Since the sampling station was close to a dusty path and forest park, re-suspended soil dust was one of the 
main sources of air pollution at this site. 
 
PAHs composition analysis 
The compositions and pollution profile of PAHs in the TSP fraction 
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For the purpose of the discussion, the sixteen US EPA Priority PAHs monitored at these sites have been divided into 
two groups based on their physical and chemical characteristics.  The first group comprises the lower molecular 
weight PAHs with two to three rings such as NAP, ACY, 2-BNAP, ACE, FLU, PHE and ANT and the second group 
consists of high molecular weight PAHs with four to seven rings PAHs like BAA, CHR, PYR, BAP, FLT, DBA, 
BBF, IND and BGP (US EPA, 2002). 
Table 4 lists the ranges and total PAHs concentrations for all four sites. The minimum and maximum values of 
the sixteen PAHs ranged between 0.00 ngm-3 and 10.89 ngm-3, and the average concentration was 5.45 ngm-3. 
ANOVA statistics were used to test the mean PAHs values between the four urban sites. The F critical value (2.82) 
exceeded calculated F value (1.60) with a P-value of 0.20. Thus, there is no significant difference between the mean 
PAHs levels at the four sampling sites. The concentrations of FLT, PHE and PYR obtained in a similar study 
conducted between September 1994 and June 1995 by Muller et al. (1998) were up to over 20 times higher than the 
average values of the same compounds in this work. This could possibly be attributed to the improved technology in 
fuel quality and emission control. Generally, NAP is the largest contributor to the overall concentration of PAHs at 
each of the sites - 38% at BPW, 36% at QUT and at 19% ANZ stadium. (The lower NAP percentage at ANZ is 
possibly a consequence of the shielding of airborne pollutants by the nearby bush land as suggested by Chan et al. 
(1997) while the NAP detected at QUT might come from vehicular source and other combustion activities (Kim Oanh 
et al., 2000), which were prevalent on and around the campus. It is also significant to note that the concentration 
ranges and average values of PAHs obtained in this study are similar to those reported by Wada et al. (2001) for 
Nagasaki, Japan, which has similar sub-tropical climate and geographical features as Brisbane. 
Aside from NAP, the most prominent PAHs at the sites investigated were PAHs with three to four rings such 
as PHE, ANT, FLT and PYR. Most of the PAHs with five and six rings are below detection limit at QUT, ANZ and 
CAW sites. A possible reason for this is that the half-lives of higher molecular PAHs in the air are only about 2.4h for 
BAP, 1-13 h for DBA and BAA, and 0.31-10 h for BGP (US EPA/SRC, 1998). Therefore they should be easier to 
detect at sites where sampling is close to the emission source as it is the case with the bus platform (BPW). On the 
other hand, the relatively low levels of low molecular weight PAHs like FLU, ACE and ACY at QUT might be due to 
the facts that it was the farthest sampling point from vehicular emission source and that such PAHs are more 
susceptible to the photo-depletion than particle-phase PAHs when they are transported from one point to another 
(Broman et al., 1991a).  
The most carcinogenic PAH, BAP (Massachusetts Department of Environmental Protection, 2001), has mean 
concentrations of (0.37 ± 0.28) ngm-3 at BPW,  (0.01 ± 0.00) ngm-3 at QUT site and was below detection limit at ANZ 
as well as Woolloogabba concourse. These concentration levels are broadly similar to the median concentration of 
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BAP (0.14 ngm-3) reported by Muller et al (1998) for other sites in Brisbane and are well below the European target 
value of 1 ngm-3 for ambient air (The United Kingdom Parliament, 2003). 
Table 5 shows the profile of the vapour- and particle-phase PAHs obtained in each site. In comparison with other 
sites, CAW has the lowest total PAHs concentrations in both phases, while BPW has the highest PAHs levels. With 
the exception of the ANZ stadium site, which has relatively similar total concentration levels of vapour- and particle-
phase PAHs, the concentration of the vapour-phase PAHs in each site is higher than that in particle-phase and the 
differences are statistically significant (p < 0.05). This is contrary to the predominately high molecular weight PAHs 
levels found in a study conducted in Stockholm, Sweden (Broman et al., 1991b) at temperatures ranging from -4oC to 
12oC. The differences in the results obtained in that study and the current work is most likely due to differences in the 
ambient temperatures between Stockholm and Brisbane (which was between 15 and 28oC at the time of sampling).  
It has been previously shown by Muller et al., (1998) that higher the number of vehicles (especially of heavy 
vehicles) at a site, the higher the total concentration of PAHs at the site. The relatively high concentrations of vapour-
phase PAHs at BPW is therefore attributable to the dominance of diesel- powered direct-injection vehicles that are 
capable of emitting more lower molecular weight PAHs at the site (Miguel et al., 1998). Since the sampling was 
carried out close (about 2 metres) to the buses that pass through the platform, the concentrations of the PAHs, 
especially of PHE and NAP, on the platform were also significantly higher than those obtained at other sampling 
points.  
Multivariate analysis of the PAHs data 
A data matrix with 18 objects (air samples) and 16 variables (PAHs) for BPW, CAW, QUT and ANZ sampling sites 
were submitted for data analysis and the total variance accounted for by the first two PC’s was 56%. To facilitate 
visual presentation of Figure 3, all vectors were magnified three times. Two separate clusters of objects were 
observed on PC1. The first cluster contained the ANZ, QUT and CAW objects while the second mainly contained the 
BPW objects. Majority of the ANZ, QUT and CAW objects lay on the right hand side of the PC1 axis while the BPW 
objects lay on the left hand side of PC1. Only the ANZ objects occupy both sides of PC1.  
The decision axis pointed toward the QUT and CAW objects showing that they were less polluted than BPW and 
ANZ sites based on the number and the concentrations of the PAHs found at these sites. Furthermore, the 
PROMETHEE II complete outranking flow values in Table 6 showed that CAW (with the most positive net flow 
values) is the least polluted site. This is attributable to its location opposite to the main road and at a distance that is 
about 15 metres from a street level. The worst polluted site was BPW, which was closest to the vehicular emission 
sources.  
The long vectors for ANT and PYR strongly correlated with one another and are relatively correlated with the 
vector for PHE. These vectors are positioned opposite to the majority of the QUT, BPW and ANZ objects, suggesting 
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that vehicular emissions are closely associated with these sites. Khalili et al. (1995) have proposed that PHE and ANT 
are mainly emitted by diesel-powered engines while PYR are predominantly emitted by gasoline-powered engines.  
Thus, the GAIA plots confirm the contribution of a mixture of diesel- and gasoline-powered vehicles to the PAHs 
concentrations at these sites. The fact that the level of PHE was higher at BPW than in other sites lends further 
support to this proposal. Similarly, the vectors for ACE and ACY were long and opposite the BPW and ANZ objects, 
confirming the suggestion by Khalili et al. (1995) that such lower molecular weight PAHs are prevalent in the 
emissions of diesel-powered engines. It is noteworthy that Schauer et al. (2002b) did not detect these two PAHs in 
diesel fuel but detected them at measurable quantities in the exhaust of diesel-powered trucks. Therefore, these PAHs 
are either pyrosynthesised from the fuel or the oil (Larsen et al., 2003; Kavouras et al., 2001). 
On the other hand, CRY, BAA and BAP are highly correlated. Similarly, other high molecular weight PAHs 
such as BBF, DBA, IND and BGP are oriented in the same direction with small angles between them and opposite to 
the BPW objects. As stated earlier, these high molecular weight PAHs have short lifetimes in the air. Therefore, they 
are likely to be more easily detected at sites, like BPW, which are close to direct emission sources.  The vectors for 
NAP and 2-BNAP were orthogonal to each other, confirming that the sources of NAP and 2-BNAP could be 
different.  Overall, the vectors of most PAHs were oriented opposite the BPW objects, indicating that the 
concentrations of these PAHs were higher at BPW than at ANZ, QUT and CAW sites.  
In order to compare the results from the study conducted by Muller et al. (1998) with those from the present 
study, the seven sites investigated by Muller et al (1998) and the sites investigated in the current work were analysed 
by PROMTHEE and GAIA on the basis of the eight common PAHs (PHE, ANT, FLT, PYR, BAA, BAP, IND and 
BGP) that were studied in both investigations. About 93% of the data variance was explained by the first two PCs and 
the complete PROMETHEE II ranking showed the order of pollution at the sites (from the least to the highest 
polluted site) is: CAW >QUT >ANZ >Redbank >Griffith University >BPW >Logan Road >Annerley Road 
>Fortitude Valley >Ipswich Road. It is therefore evident that in spite of the increase in the number of vehicles in 
Brisbane, air pollution in the current study is lower than that reported by Muller et al (1998). This probably reflects 
the effects of improvements in fuel quality and emission control technologies on ambient air quality in Brisbane. 
 
Analysis of the combined elemental and PAH compositions 
Approximately 85% of the data variance is accounted for by the first two principal components when the average 
elemental and PAH compositions at the sites were subjected to PROMETHEE and GAIA analysis (Figure 4). In 
addition, the objects were separated into two groups on PC1. The first group of objects (ANZ, QUT and CAW) has 
positive PC1 coordinates while the object for BPW has negative PC1 coordinate and the decision axis pointed 
towards ANZ and CAW sites and away from BPW. This indicated that ANZ and CAW sites are the least polluted and 
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BPW is most polluted site based on the elemental and PAHs compositions of the air at the sites.  The order of 
pollution at the sites is broadly similar to that obtained when the sites were assessed on the basis of the PAH 
composition alone. However, the order is different from that obtained on the basis of the elemental composition, 
possibly because the PAHs and elements found in each of the sites are not necessarily from the same source. 
CONCLUSION 
Simultaneous determinations of the elemental composition and PAHs concentration of ambient air from three sites 
were carried out in Brisbane. This is the first time that such results have been described for urban air in Brisbane. Al, 
Cd, Co, Cr, Cu, Fe, Mn, Mo, Si, Sn, Sr and Zn were the most commonly detected elements in the TSP and PM2.5 
samples from these sites. In the PM2.5 fraction, QUT had higher concentrations of Zr, Mo, V, Al, Mn and Sr than 
other sites whereas the concentrations of Co, Sn, Cu, Zn and Mg were higher at the Woolloongabba sites. Overall, the 
elemental compositions of the PM2.5 fraction taken at QUT were higher than those from other sites and were also 
relatively higher than the corresponding values reported by Thomas and Morawska (2002). The impact of vehicle 
emission on air quality at the QUT site is reinforced by the fact that despite the rapid increase in the number of in-
service vehicles in Brisbane, the concentration of Pb obtained in the present study was lower than that reported by 
Thomas and Morawska (2002). On the other hand, industrial and vehicular emissions were the major contributors of 
the elements in the PM2.5 fraction at the Woolloongabba sites.   
In terms of the PAHs, the most polluted site was the BPW while the least was CAW. The most common PAHs 
found in all of the sites were NAP, PHE, ANT, FLT, PYR and CRY, many of which are known to be components of 
vehicle emissions. However, BAP, which is the most carcinogenic PAHs is not widespread in all of the sites. 
Compared with the earlier results of Muller et al (1998), the current levels of PAHs in the Brisbane urban air is lower 
than what it was in the mid-1990s. This possibly reflects the introduction of advanced engine technology and better 
fuel formulations to reduce emission of organic pollutants.  
In general, results from the multivariate data analysis aided the ranking of the various sites and assisted in the 
identification of the sources of the elements and PAHs found at the sites. Such information is necessary for future 
assessment of the health risk, population exposure and prioritisation of control measures.   
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1. Locations of the sampling sites in Brisbane city  
 
2. Biplot of the elemental compositions of the PM2.5 fraction at  QUT, ANZ and Woolloongabba sites 
 
3. Biplot of the PAHs composition of air at QUT, ANZ and Woolloongabba sites (Legend of objects: ● ANZ, ♦ 
CAW and ■ QUT) 
 
4. Biplot for the combined elemental and PAH compositions of the air at the sampling sites (all variables were 
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MDL of this 
study (ppm) 
Cd 0.115 0.143 80 226.502 0.011 
Cr 0.254 0.664 38 267.716 0.018 
Cu 1.196 1.160 103 324.754 0.004 
Fe 87.038 74.446 117 230.207 0.011 
Mn 1.845 1.637 113 260.569 0.003 
Ni 0.116 0.135 86 352.45 0.031 
Pb 8.823 12.471 71 220.351 0.186 
Zn 9.654 9.063 107 213.856 0.015 
Al 57.434 65.117 88 167.080 0.020 
V 0.256 0.272 94 309.311 0.004 
Sn n.a n.a n.a 189.989 0.002 
Co 0.027 0.037 78 228.616 0.024 
Si n.a n.a n.a 251.611 5.532 
Mo n.a n.a n.a 281.615 0.003 
Mg n.a n.a n.a 383.826 0.032 
Sr n.a n.a n.a 407.771 0.009 

























CAW (N = 8) 
 
BPW (N = 9) 
 
ANZ Stadium (N = 5) 
 
QUT M Block (N = 5) 
Thomas and 
Morawska 2002 
 TSP PM2.5 TSP PM2.5 TSP PM2.5 TSP PM2.5 PM2.5 
Al 53.43 ± 57.12 n.d. 53.88 ± 85.43 n.d. 1.14 ± 0.57 0.51 ± 0.32 19.19 ± 25.26 7.51 ± 6.52 0.04 ± 0.08 
Cd 0.48 ± 0.42 0.11 ± 0.02 0.09 ± 0.06 0.06 ± 0.04 n.d. n.d. 0.07 ± 0.04 0.02 ± 0.01 - 
Co 1.63 ± 1.48 0.08 ± 0.04 0.30 ± 0.34 0.09 ± 0.07 n.d. n.d. 0.13 ± 0.07 0.04 ± 0.04 0.00 ± 0.00 
Cr 2.18± 0.98 n.d. n.d. n.d. 0.01 ± 0.01 0.00 ± 0.00 2.04 ± 0.09 0.02 ± 0.01 0.00 ± 0.00 
Cu 4.60 ± 2.06 7.35 ± 4.24 4.08 ± 1.54 n.d. 0.01 ± 0.01 0.02 ± 0.01 0.02 ± 0.02 0.01 ± 0.00 0.01 ± 0.01 
Fe 4.16 ± 2.72 6.60 ± 3.81 2.27 ± 3.74 0.04 ± 0.03 0.46 ± 0.26 0.48 ± 0.29 5.39 ± 9.72 0.41 ± 0.28 0.06 ± 0.07 
Mg 3.75 ± 0.74 2.63 ± 0.77 0.19 ± 0.24 0.12 ± 0.08 0.05 ± 0.04 0.07 ± 0.04 n.a. n.a. - 
Mn 0.38 ± 0.33 n.d. 0.07 ± 0.01 0.02 ± 0.01 0.01 ± 0.01 0.02 ± 0.01 0.33 ± 0.54 0.02 ± 0.01 0.00 ± 0.00 
Mo 2.17 ± 0.98 n.d. 0.83 ± 1.14 0.01 ± 0.01 n.d. n.d. 0.05 ± 0.01 0.01 ± 0.01 - 
Ni 0.36 ± 0.24 n.d. n.d. n.d. 0.01 ± 0.01 n.d. n.d. n.d. 0.00 ± 0.00 
Pb n.d. n.d. 4.96 ± 6.19 n.d. 0.14 ± 0.07 n.d. 0.08 ± 0.04 0.01 ± 0.01 0.07 ± 0.04 
Si n.d. n.d. n.d. n.d. 35.49 ± 17.62 10.82 ± 1.47 64.49 ± 70.43 12.82 ± 5.74 0.09 ± 0.15 
Sn 3.29 ± 3.22 0.02 ± 0.01 0.80 ± 1.88 0.01 ± 0.00 n.d. n.d. 0.02 ± 0.01 0.01 ± 0.00 - 
Sr 3.13 ± 3.03 0.01 ± 0.01 0.03 ± 0.02 0.01 ± 0.00 n.d. 0.00 ± 0.00 0.05 ± 1.06 0.21 ± 0.28 - 
V n.d. n.d. n.d. n.d. n.d. n.d. 0.21 ± 0.20 0.06 ± 0.05 0.00 ± 0.00 
Zn 5.17 ± 2.21 4.56 ± 2.63 3.08 ± 0.27 n.d. 0.04 ± 0.02 0.06 ± 0.08 0.14 ± 0.06 0.04 ± 0.02 0.02 ± 0.02 




84.95 ± 57.48 
 
13.05 ± 6.32 
 
70.63 ± 85.78 
 
0.76 ± 0.12 
 
37.32 ± 17.63 
 
11.92 ± 1.53 
 
92.73 ± 75.46 
 
21.26 ± 8.70 
 





Table 3: Cu/Zn ratios for all sites in comparison with literature ratios 
 
 PM2.5 TSP Gasoline  Diesel LPG* Industrial sources 
CAW 1.61 0.89 ± 0.02 - - - - 
BPW - 0.76 - - - - 
ANZ 0.48 ± 0.34 0.25 ± 0.28 - - - - 
QUT 0.16 ± 0.09 0.14 ± 0.10 - - - - 
Cadle 1999ф - - 0.21 ± 0.15 0.01 ± 0.00 - - 
Lim 2003◊ - - 0.23 ± 0.11 - 0.12 ± 0.11 - 
Loranger 1996∆ - - - - - 1.53 ± 0.64 
Popescu 1999ٱ - - - - - 0.98 ± 1.19 
 
ф obtained from emission rates of the gasoline and diesel vehicles tested on chassis dynamometer (analyzed by 
EDXRF) 
◊ obtained from two runs of in-service passenger vehicles tested on chassis dynamometer (analyzed by ICPMS) 
∆ obtained from top layer of snow by the road side (analyzed by AAS)  
ٱ obtained from air particles on cellulose filter (analyzed by PIXE) 



















Table 4: Concentration ranges and averages of the combined  vapour and particle-phased PAHs for all four (sample 




 minimum maximum Average 
NAP 0.00 10.89 3.01 
ACY 0.00 0.08 0.04 
2-BNAP 0.01 0.07 0.04 
ACE 0.01 0.06 0.02 
FLU 0.01 0.32 0.16 
PHE 0.08 2.06 0.88 
ANT 0.01 0.47 0.24 
FLT 0.00 0.56 0.19 
PYR 0.21 0.62 0.34 
CRY 0.01 0.66 0.22 
BAA 0.01 0.58 0.30 
BBF 0.01 0.66 0.33 
BAP 0.01 0.37 0.19 
IND 0.00 0.71 0.24 
DBA 0.01 1.11 0.56 
BGP 0.02 0.48 0.25 
       
Total 0.40 19.73 7.06 
 
























Table 5: Concentrations of vapour- and particle-phase PAHs at the four sites (ngm-3 ± SD)  
 
 
ANZ (N = 4) 
 
QUT M Block (N = 4) 
 
BPW (N = 6) 
 
CAW (N = 4) 
 
 Particle-phased Vapour-phased Particle-phased Vapour-phased Particle-phased Vapour-phased Particle-phased Vapour-phased 
NAP 0.01 ± 0.01 0.42 ± 0.20 bdl 0.72 ± 0.26 1.06 ± 0.94 9.83 ± 9.27 bdl 0.06 ± 0.02 
ACY bdl 0.00 ± 0.00 bdl Bdl bdl 0.08 ± 0.08 0.01 ± 0.00 0.06 ± 0.00 
2-BNAP 0.00 ± 0.00 0.01 ± 0.00 bdl 0.01 ± 0.01 0.06 ± 0.00 bdl 0.01 ± 0.00 bdl 
ACE 0.01 ± 0.00 0.00 ± 0.00 bdl Bdl 0.01 ± 0.02 0.05 ± 0.04 bdl bdl 
FLU 0.00 ± 0.00 0.01 ± 0.01 bdl Bdl 0.18 ± 0.13 0.14 ± 0.08 bdl 0.08 ± 0.00 
PHE 0.58 ± 0.07 0.40 ± 0.11 0.06 ± 0.08 0.33 ± 0.34 0.59 ± 0.72 1.48 ± 1.87 0.01 ± 0.00 bdl 
ANT 0.47 ± 0.24 0.00 ± 0.00 0.00 ± 0.00 0.23 ± 0.44 0.21 ± 0.37 0.09 ± 0.04 bdl bdl 
FLT 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 0.14 ± 0.28 0.43 ± 0.21 bdl 0.22 ± 0.38 
PYR 0.08 ± 0.13 0.14 ± 0.16 0.33 ± 0.34 0.30 ± 0.23 0.18 ± 0.25 0.15 ± 0.16 bdl bdl 
CRY 0.00 ± 0.00 0.00 ± 0.00 0.02 ± 0.02 0.00 ± 0.00 0.34 ± 0.56 0.31 ± 0.08 bdl bdl 
BAA bdl bdl 0.01 ± 0.01 Bdl 0.45 ± 0.22 0.13 ± 0.14 bdl bdl 
BBF bdl bdl 0.01 ± 0.01 Bdl 0.43 ± 0.51 0.23 ± 0.04 bdl bdl 
BAP bdl bdl 0.01 ± 0.01 Bdl 0.23 ± 0.28 0.14 ± 0.06 bdl bdl 
IND 0.01 ± 0.01 bdl 0.00 ± 0.01 Bdl 0.59 ± 0.32 0.12 ± 0.06 bdl bdl 
DBA bdl bdl 0.01 ± 0.00 Bdl 1.04 ± 0.29 0.07 ± 0.03 bdl bdl 
BGP 0.02 ± 0.01 bdl bdl Bdl 0.44 ± 0.12 0.04 ± 0.02 bdl bdl 
 






Table 6: PROMETHEE II ranking of ANZ, QUT and Woolloongabba objects based on PAHs concentration levels  
 
Rank Action Net Flow 
1 CAW 0.44 
2 CAW 0.36 
3 CAW 0.26 
4 QUT 0.25 
5 QUT 0.22 
6 QUT 0.15 
7 QUT 0.11 
8 CAW 0.10 
9 ANZ 0.05 
10 BPW 0.01 
11 ANZ -0.04 
12 ANZ -0.07 
13 BPW -0.12 
14 BPW -0.14 
15 ANZ -0.18 
16 BPW -0.24 
17 BPW -0.46 
18 BPW -0.66 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
